Cyanobacteria combine the photosynthetic and respiratory electron transport in one membrane system, the thylakoid membrane. This feature requires an elaborate regulation mechanism to maintain a certain redox status of the electron transport chain, hence allowing proper photosynthetic and respiratory energy metabolism. In this context, metabolic adaptations, as seen in the light-todark and dark-to-light transitions, are particularly challenging. However, the molecular basis of the underlying regulatory mechanisms is not well-understood. Here, we describe a function of cyanobacterial phytochrome2 (Cph2), a phytochrome of the cyanobacterial model system Synechocystis sp. PCC 6803, in regulation of the primary energy metabolism. When cells are shifted from photoautotrophic planktonic growth to light-activated heterotrophic growth and biofilm initiation, knockout of Cph2 results in impaired growth, a decrease in the activity of Glc-6-P dehydrogenase, a decrease of the transcript abundance/activity of cytochromec-oxidase, and slower phycocyanin degradation. Measurements of the plastoquinone reduction confirm an impaired heterotrophic metabolism in the cph2 knockout. When cells that were adapted to heterotrophic metabolism are shifted back to light conditions, the knockout of Cph2 results in an altered photosystem II chlorophyll fluorescence induction curve, which is indicative of an impaired redox balance of the electron transport chain. Moreover, Cph2 plays a role in the heat and high-light stress response, particularly under photomixotrophic conditions. Our results show a function of Cph2 in the adaptation of the primary energy metabolism to changing trophic conditions. The physiological role of Cph2 in biofilm formation is discussed.
Cyanobacteria are prokaryotes, which perform oxygenic photosynthesis. Among them, the unicellular cyanobacterium Synechocystis sp. PCC 6803 is a wellcharacterized model system capable of photoautotrophic, photomixotrophic, and heterotrophic metabolism. In cyanobacteria, the intensity and quality of light activate various signal transduction pathways regulating physiological adaptations (Mullineaux, 2001; Karniol et al., 2005; Rockwell et al., 2006) . During its lifecycle, Synechocystis sp. needs to sense and adjust to changing light conditions caused by diurnal, seasonal, and directional fluctuations. Several photoreceptors of the phytochrome superfamily have been identified and characterized in Synechocystis sp., in particular, cyanobacterial phytochrome1 (Cph1) and Cph2, exemplifying two cyanobacterial phytochrome subfamilies (Yeh et al., 1997; Park et al., 2000; Ng et al., 2003; Karniol et al., 2005) . Cph2 holds three cGMP-specific phosphodiesterases, adenylyl cyclases and FhlA (GAF) domains, with the N-terminal GAF domains mediating red/far-red photosensing (Park et al., 2000; Wu and Lagarias, 2000) and the C-terminal GAF domain mediating blue and UV-A light photosensing (Wilde et al., 2002; Moon et al., 2011) . Other than the photosensing GAF domains, Cph2 carries two GGDEF domains and one EAL domain, which mediate the synthesis or the breakdown of c-di-GMP, respectively. Savakis et al. (2012) showed that the C-terminal GGDEF domain and the EAL domain of Cph2 are functional and that Cph2 controls cell motility by light-dependent regulation of the c-di-GMP content. c-di-GMP is an ubiquitous prokaryotic second messenger particularly related to motility and biofilm formation (Simm et al., 2004; Jenal and Malone, 2006; Römling and Amikam, 2006; Cotter and Stibitz, 2007) . Bacteria realize different benefits from growth in biofilms (e.g. in relation to nutrient sequestration), and for some species, biofilms might represent the default mode of bacterial growth (Jefferson, 2004) . Synechocystis sp. was isolated from biofilms in wastewater treatment plants (Di Pippo et al., 2012) . Moreover, Synechocystis sp. biofilms were reported to be found on marine snow particles in the German Waddensea (Gram et al., 2002) . Those marine/ lake snow particles consist of organic/inorganic particles and associations of a diverse community of microorganisms and play an essential role in the vertical transport of organic matter in aquatic environments (Fowler and Knauer, 1986) . Bacterial concentrations on snow particles, which are sites of elevated heterotrophic activity, are orders of magnitude higher than ambient concentrations Grossart and Tang, 2010) .
Synechocystis sp. is capable of light-activated heterotrophic growth (LAHG; that is, the cells require several minutes of light every 24 h to maintain growth in the dark in Glc-containing media). Electrons from heterotrophic sources may enter the electron transport chain (ETC) by NAD(P)H dehydrogenase or succinate dehydrogenase and originate from the oxidative pentose phosphate pathway, with Glc-6-P dehydrogenase (G6PDH) as a rate-determining enzyme (Yang et al., 2002a (Yang et al., , 2002b , or the glycolysis/tricarboxylic acid cycle. Under heterotrophic conditions, the pentose phosphate pathway accounts for a major part of Glc catabolism and the NADPH production (Yang et al., 2002b) . The cytochrome-coxidase (cyt-c-ox) is a terminal oxidase found in both thylakoid and cytoplasmic membranes. Under heterotrophic conditions, the plastoquinone (PQ) pool is mainly oxidized by cyt-c-ox (Vermaas, 2001; Peschek et al., 2004) . Synechocystis sp. combines the photosynthetic and respiratory ETCs in one membrane system, the thylakoid membrane. Electrons from either PSII or heterotrophic sources proceed by PQ, thus representing the first point of confluence (Vermaas, 2001) . This feature requires an elaborate regulation mechanism to maintain a certain redox balance of the ETC, hence making proper photosynthetic and respiratory energy metabolism possible. Moreover, stress-induced redox imbalances within the ETC may result in oxidative damage.
Physiological studies on Cph2 were focusing on motility phenotypes under constant trophic conditions (Wilde et al., 2002; Fiedler et al., 2005; Moon et al., 2011; Savakis et al., 2012) . Here, we address the function of Cph2 in the adaptation from photoautotrophic planktonic growth to heterotrophic conditions and biofilm initiation. Thereby, Cph2 regulates two key metabolic enzymes, G6PDH and cyt-c-ox. Moreover, we analyze the role of Cph2 in the course of heat and high-light stress and show that related phenotypes manifest particularly under photomixotrophic conditions. An initial screening of Synechocystis sp. photoreceptor mutants revealed that cph2 knockout (KO) lost the ability to grow on agar plates supplemented with 10 mM Glc under LAHG conditions (Supplemental Fig. S1 ). Subsequently, we generated four independent complementation lines in the cph2 KO background by overexpressing the Cph2 coding sequence under the control of the petJ promoter (Zhang et al., 1992) . Cells were grown in BlueGreen 11 (BG11) medium containing 0.3 mM copper, resulting in a rather weak expression of Cph2 to avoid unspecific effects by strong overexpression (Supplemental Fig. S2 ). Because cph2 KO was unable to grow under LAHG on agar plates, we established an experimental system in liquid cultures. Therefore, photoautotrophic cells in midexponential phase were supplied with 10 mM Glc and incubated under LAHG without agitation. Under those conditions, cells sedimented, which resulted in high cell densities at the bottom of the flask. With this experimental system, we switched cell cultures from photoautotrophic planktonic growth to LAHG at high cell densities, conditions that resemble characteristics of biofilms (see introduction). After 4 d under LAHG, the cph2 KO line showed a reduced G6PDH activity compared with the wild type. All four complementation lines (Cph2 overexpressor (OE) 1/2/7/8) were characterized by a higher G6PDH activity compared with cph2 KO. Thereby, Cph2 OE 2/7/8 fully complemented the KO phenotype (Fig. 1A) . All additional analysis was performed with one complementation line, Cph2 OE 8, which is now referred to as Cph2 OE. No significant differences in G6PDH activity could be detected between the strains under photoautotrophic or photomixotrophic conditions (Supplemental Fig. S3 ).
To analyze the growth pattern under LAHG, photoautotrophic cells were adjusted to an optical density at 750 nm (OD 750 ) of 0.3, supplied with 10 mM Glc, distributed in 2-mL reaction tubes, and incubated under LAHG conditions without agitation. As presented in Figure 1B , the cph2 KO was growing slower compared with the wild type, reaching significant differences after 4 d under LAHG conditions. The Cph2 OE line complemented the phenotype. Hence, the reduced G6PDH activity in cph2 KO correlated with reduced cell growth under LAHG. No growth differences between the wild type and cph2 KO were observed when cells were switched from light to LAHG and when cells that were entrained for 3 d under LAHG were switched to light conditions under agitation (that is, without sedimentation of the cells; Supplemental Fig. S4, A and B) .
As shown in Figure 1C , wild-type and cph2 OE lines performed better in biofilm formation on solid surfaces compared with cph2 KO. On agar plates, the growth differences after 7 d under LAHG conditions were clearly visible, with the cph2 KO being unable to maintain growth (Fig. 1D) . We achieved complementation of this phenotype in only 50% of all experiments. In front of the strict requirement of Cph2 for growth under these conditions, the 50% success rate in complementation could result from differences in the expression levels of Cph2 during preculture of the Cph2 OE lines. No growth differences between the strains were observed in presence of Glc and permanent illumination (Fig. 1D) . The terminal oxidase is a major component of the respiratory ETC (Vermaas, 2001; Peschek et al., 2004) . We conducted cyt-c-ox assays based on the well-known Kovac test as described by Jurtshuk and Liu (1983) . A reduced cyt-c-ox activity became obvious in the cph2 KO line after 1 d and developed even clearer after 4 d of incubation under LAHG conditions without agitation (Fig. 2, A and B) . Cell lines that were grown under photoautotrophic and photomixotrophic planktonic conditions did not show significant differences in cyt-c-ox activity (Supplemental Fig. S5 ). To further confirm the phenotype, oxygen consumption was measured in photomixotrophic cells after dark incubation. The physiological conditions in course of measurement do not exactly match LAHG/ biofilm formation, which is difficult to realize, because after 4 d of LAHG/biofilm initiation, overall metabolic activity is substantially reduced. However, the fact that oxygen consumption was measured under dark heterotrophic conditions in a cuvette, which prevents aeration of the cells, might resemble metabolic conditions in biofilms. The rate of oxygen consumption under those conditions reached only 69.5 6 5.6% (SEM; n = 3) for the cph2 KO compared with the wild type.
Gene expression studies were performed on key enzymes of the heterotrophic metabolism G6PDH (Zwf) and the subunit I of the cyt-c-ox complex (CtaD1). Zwf and CtaD1 expression was determined by semiquantitative Figure 1 . cph2 KO results in lower G6PDH activity, retarded growth, and impaired biofilm formation under LAHG. A, Photoautotrophic cells were supplied with 10 mM Glc and put in LAHG conditions for 4 d without agitation. Crude protein extracts were gained, and specific G6PDH activity was determined for the wild type (WT), cph2 KO, and four independent Cph2 OE lines. Data show the mean 6 SEM (n $ 3). Asterisks on top of columns indicate significant differences to WT; asterisks inside columns indicate significant differences to cph2 KO (Student's t test: P , 0.05). B, Cells in the midexponential growth phase were set to an OD 750 of 0.3, supplied with 10 mM Glc, and incubated in 2-mL reaction tubes under LAHG conditions without agitation. At indicated time points, cells were harvested, and the OD 750 was determined. Data show the mean 6 SEM (n = 3). Asterisks indicate significant differences to WT (Student's t test: P , 0.05). C, To check for the ability to form biofilms, 1 mL cells (OD 750 of 0.5) was applied in 24-well microtiter plates in the presence of 10 mM Glc and incubated for 4 d under LAHG without agitation. Then, the supernatant was removed, the biofilm attached to the bottom of the wells was washed off the plate, and the OD 750 was determined. Data show the mean 6 SEM (n = 4-5). Asterisks indicate significant differences to WT (Student's t test: P , 0.05). D, Growth of corresponding strains on BG11 agar plates supplemented with 10 mM Glc under constant light or LAHG conditions. Pictures were taken 4 (Glc/light) or 7 d (Glc/LAHG) after transfer. [See online article for color version of this figure. ] Figure 2 . Cph2 regulates cyt-c-ox activity under LAHG. cyt-c-ox Activity was determined in a whole-cell spectroscopic assay using TMPD (Kovac reagent) as substrate. Cells were incubated under LAHG conditions without agitation for 1 (A) or 4 d (B). Then, cells were washed three times in BG11 medium and adjusted to an OD 750 of 0.2; 200 mL cells were provided in 96-well multititer plates, and oxidation of TMPD was followed at 610 nm. Relative activities with WT set to 100% 6 SEM are given (n = 4). Asterisks indicate significant differences to WT (Student's t test: P , 0.05). Double asterisks indicate significant differences to WT (Student's t test: P , 0.01). C, Gene expression studies of Zwf (G6PDH) and CtaDI. Cells were cultivated in the absence (photoautotrophic) or presence of 10 mM Glc (photomixotrophic) under permanent illumination or kept for 4 d in LAHG conditions without agitation. Total RNA was isolated; after reverse transcription, 500 ng cDNA was used as a template in PCR (32 cycles). PCR products were analyzed on a 1.5% (w/v) agarose gel and stained with ethidium bromide. The RNA subunit of ribonuclease P subunit B (RnpB) served as normalizer. The picture is representative for three independent experiments. reverse transcription (RT)-PCR on cells grown under photoautotrophic and photomixotrophic conditions and after 4 d under LAHG conditions without agitation. As shown in Figure 2C , cells that were grown in photautotrophic or photomixotrophic conditions did not show differences in Zwf or CtaDI expression between corresponding lines. Under LAHG/biofilm conditions, the cph2 KO showed a strongly reduced expression of CtaD1, which agrees with the observed reduced cyt-c-ox activity. However, cph2 KO did not strongly affect expression of Zwf. Gene expression of other key metabolic enzymes, P700 apoprotein subunit Ia (PsaA; PSI), photosystem II D1 protein (PsbA3; PSII), glucokinase (Glk), phosphofructokinase (PfkA), and NADH-dehydrogenase subunit 2 (NdhB), was analyzed in photomixotrophic and LAHG/biofilm conditions but did not result in different expression levels between wild-type, cph2 KO, and Cph2 OE lines (Supplemental Fig. S6 ).
Synechocystis sp. shares the photosynthetic and respiratory ETCs in one membrane, the thylakoid membrane. Therefore, dysfunction of the respiratory ETC, as mediated by a strongly down-regulated cyt-c-ox, might influence the photosynthetic ETC. To test it, cells grown under LAHG conditions without agitation for 1 d were subject to PSII chlorophyll fluorescence measurements. Fluorescence induction curves (Fig. 3A) show a sharp increase of relative variable fluorescence intensities right after onset of actinic light. In the course of actinic illumination, the fluorescence intensities decreased over time in the wild type and Cph2 OE. In the cph2 KO, however, fluorescence intensities stayed constantly at high levels and even increased over time. It could be explained by a lower capacity of the electron output in the cph2 KO caused by a lower cyt-c-ox activity, resulting in an overreduced ETC and hence, high PSII chlorophyll fluorescence intensities. To substantiate this hypothesis, we applied cyanide (CN), a potent inhibitor of terminal oxidases, 40 s after onset of actinic light to wild-type cells and observed a similar increase of relative variable fluorescence intensities as in the cph2 KO. Figure 3B gives the percentages of decrease (wild type and Cph2 OE) versus increase (cph2 KO and the wild type + CN) of the relative variable chlorophyll fluorescence intensities in the course of actinic illumination.
cph2 KO Results in Lower PQ Reduction and a Reduced PSI Reduction Kinetic
To analyze whether the input pathway, upstream of the PQ pool, is affected by the cph2 KO, we analyzed the PQ reduction under different growth conditions. The method has been described previously (Cooley et al., 2000; Cooley and Vermaas, 2001; Lee et al., 2007) and takes advantage of an increased variable chlorophyll fluorescence intensity, which is indicative of a reduced primary electron-accepting PQ of PSII, mediated by reverse electron transfer from the reduced PQ pool to PSII after inhibition of the electron output pathways by CN and 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone (DBMIB)/ascorbate under nonactinic, weak measuring light. One day after cells were shifted to LAHG without agitation, the PQ reduction was determined (Fig. 4A) . The wild type and Cph2 OE reached much higher levels of variable fluorescence intensities, indicative of a more reduced PQ compared with cph2 KO. This result indicates a reduced electron input into the PQ pool in the cph2 KO line. Under photoautotrophic or photomixotrophic conditions, no significant differences in the PQ reduction were observed (Supplemental Fig. S7, A and B) .
We further determined the reduction kinetics of PSI of cells that were incubated for 1 d under LAHG without agitation (Fig. 4B) . Therefore, blue light was applied to oxidize PSI, and the half-life of PSI reduction in the dark was determined. In the absence of the PSII inhibitor 3-(3,4-dichlorophenyl)-1,1dimethylurea (DCMU), a slight increase of the reduction rate, which is indicative of a , and dark adapted for 1 min. Then, variable fluorescence intensities of PSII were determined. At 1 min, a saturating pulse was applied; 30 s thereafter, actinic light at an intensity of 270 mmol m 22 s 21 was applied for 4.5 min. Where indicated, CN at a final concentration of 0.01 mM was added. The relative variable fluorescence intensities were plotted over time.
Gray arrows indicate the data points at 2.2 and 6 min as used for evaluations shown in B. B, Relative increase or decrease of relative variable fluorescence intensities between data points at 2.2 and 6 min. Data show the mean 6 SEM (n = 3).
slower electron input to PSI, could be observed in the cph2 KO. In presence of DCMU, this increase was significantly stronger. When PSII is blocked during blue light application, linear photosynthetic electron transport cannot contribute to NADPH generation; hence, electrons from heterotrophic sources will contribute more to PSI reduction in the dark.
Degradation of Phycocyanin Proceeds Slower in the cph2 KO Mutant after the Shift to LAHG
Shifting Synechocystis sp. cells to heterotrophic conditions results in a decrease of the phycocyanin content, representing the major phycobili protein of Synechocystis sp. (Yang et al., 2002a) . Here, we show that the KO of Cph2 results in higher phycocyanin contents compared with wild type and Cph2 OE under LAHG/biofilm initiation because of a slower decrease of the phycocyanin level after the shift to LAHG. Cells that were incubated under LAHG without agitation for 2 d and then shifted to permanent light conditions for an additional 2 d showed equal phycocyanin contents (Fig. 5) . Thus, the observed phenotype was reverted under continuous illumination. No differences in the phycocyanin content between the wild type and cph2 KO were observed when cells were switched from light to LAHG and when cells that were entrained for 3 d under LAHG were shifted to light condition under agitation (that is, without sedimentation of the cells; Supplemental Fig. S4C ). When cells were adapted to LAHG/biofilm formation for 6 d and then transferred to constant light for another 2 d, the cph2 KO resumed growth (the OD 750 increased from 0.59 6 0.02 [SEM; n = 3] to 0.89 6 0.23), whereas the wild type and Cph2 OE did not (from 0.61 6 0.03 to 0.56 6 0.04 and from 0.68 6 0.01 to 0.63 6 0.04, respectively). This result might be caused by a slower adaptation of cph2 KO to dark heterotrophic conditions. Thus, cph2 KO stayed in a more photomixotrophic state with a higher phycobilisome content and therefore, could resume growth after onset of light.
Cph2 Has a Role in the Heat and High-Light Stress Response
Microarray data on Synechocystis sp. revealed that farred light preferentially up-regulated genes known to be induced by stress, such as the heat shock protein A and high-light inducible genes. The absence of Cph2 preferably changed this far-red response (Hübschmann et al., 2005) . Therefore, we wondered whether loss of Cph2 function could have an effect under heat and high-light stress conditions when PSII is challenged. To test it, photoautotrophic and photomixotrophic cells were exposed to a temperature shift of 15°C above the normal growth conditions, and growth patterns were followed (Fig. 6A) . Interestingly, only in the presence of Glc, cph2 KO was unable to maintain growth in prolonged heat stress. Heat treatment resulted in a considerable reduction in phycocyanin content in the presence of Glc. Again, as seen under LAHG, phycocyanin levels stayed higher in the cph2 KO (Fig. 6B) .
To check for a role of Cph2 under high-light conditions, we incubated cell lines in the presence or absence of Glc and measured photosynthetic oxygen evolution under increasing light intensities of 15, 30, and 300 mmol m 22 s 21 , which revealed a reduced photosynthetic oxygen evolution for cph2 KO under Figure 4 . cph2 KO is impaired in PQ/PSI reduction in LAHG. A, Cells were incubated for 1 d under LAHG conditions without agitation; then, PQ reduction was determined. Cells at 1.5 mg chlorophyll mL 21 were dark adapted for 1 min, inhibitors were added (1 mM KCN, 50 mM DBMIB, and 5 mM sodium ascorbate), and the increase in the fluorescence amplitude induced by weak measuring light was recorded. The relative variable fluorescence intensities were plotted over time. Data show the mean 6 SEM (n = 3). B, Measurement of P700 + reduction kinetics. Photoautotrophic cells were supplied with 10 mM Glc and incubated in the dark for 24 h in 2-mL reaction tubes without agitation. Reduction kinetics of P700
+ were recorded in vivo with a dual PAM-100 measuring system. Prior measurement cells at 3 mg chlorophyll mL 21 were dark incubated for 1 min in the presence or absence of 10 mM DCMU. Then, blue actinic illumination was provided to achieve complete oxidation of P700, and P700 + reduction kinetics were measured in the dark. Rate constants (k) were determined by fitting the decays with single exponential functions. The mean 6 SEM (n = 3) of the halflife of P700 + reduction is shown. Asterisk indicates significant differences to WT (Student's t test: P , 0.05). ) for an additional 2 d. Data show the mean 6 SEM (n = 3). Asterisk indicates significant differences to WT (Student's t test: P , 0.05). Double asterisk indicates significant differences to WT (Student's t test: P , 0.01).
high-light (300 mmol m 22 s 21 ) illumination, particularly in presence of Glc (Supplemental Fig. S8 ).
DISCUSSION
Synechocystis sp. is a cyanobacterial model system for oxygenic photosynthesis, the primary carbon-fixing reaction in bacteria, algae, and plants. Here, we analyzed the function of the phytochrome Cph2 in the adaptation process from photoautotrophic planktonic growth to heterotrophic metabolism and biofilm formation. The KO of Cph2 resulted in reduced growth after the switch from photoautotrophic planktonic to LAHG/biofilm conditions (Fig. 1B) ; moreover, biofilm formation was significantly reduced in the cph2 KO mutant (Fig. 1C) . This retarded growth was correlated with a reduced G6PDH activity (Fig. 1A) and cyt-c-ox activity (Fig. 2, A and B) . On the transcriptional level, only CtaDI expression was clearly down-regulated in the cph2 KO (Fig. 2C) . It has been reported that G6PDH activity is regulated on the posttranslational level (Cossar et al., 1984; Gleason, 1996; Sundaram et al., 1998) . Therefore, it seems likely that the observed lower G6PDH activity in the cph2 KO manifests at the posttranslational level, with no clear difference in the gene expression pattern. A defect in the heterotrophic metabolism was further substantiated for the cph2 KO by measurement of PQ reduction (Fig. 4A) . Moreover, the increased half-life of PSI reduction, particularly in presence of DCMU, indicated a slower electron input to PSI in the cph2 KO line (Fig. 4B) . In summary, Cph2 has a function in regulating the heterotrophic metabolism in the adaptation to LAHG/biofilm formation. In the course of this process, all tested genotypes degraded phycocyanin, representing the major phycobili protein of Synechocystis sp. However, for the cph2 KO strain, the reduction proceeded slower (Fig. 5) . Phycobilisomes do not only serve as photosynthetic pigments, but also, they serve as amino acid storage compounds in cyanobacteria (Allen and Smith, 1969) . Therefore, reduced phycocyanin degradation in cph2 KO might lead to an impaired amino acid catabolism in prolonged darkness, which might contribute to the observed growth defects.
Cph2-mediated regulation of cyt-c-ox does not only serve to support energy metabolism under LAHG/ biofilm conditions. We show that the KO of Cph2 resulted in a different pattern of the chlorophyll fluorescence induction curve when cells were entrained for LAHG/ biofilm formation and switched back to actinic illumination. In the course of actinic light application, cph2 KO was characterized by a continual high level of chlorophyll fluorescence, whereas in the wild type and Cph2 OE, chlorophyll fluorescence decreased under the same conditions. Interestingly, when CN, an inhibitor of cyt-cox, was applied to wild-type cells, we observed similar chlorophyll fluorescence induction curves as seen in the cph2 KO (Fig. 3 ). An impaired cyt-c-ox activity results in a reduced electron output capacity and consequently, an overreduction of the ETC. An overreduced PQ pool, in turn, challenges PSII functionality and gives rise to an increase in chlorophyll fluorescence. Hence, cyt-c-ox could serve as an electron valve to avoid overreduction after a sudden change in light intensity (dark to 270-mmol m 22 s 21 actinic light). This finding is in line with data from the work by Lea-Smith et al. (2013) , which showed an essential function of thylakoid terminal oxidases for the survival of Synechocystis sp. in rapidly changing light intensities. Thus, Cph2 has a role in keeping up cyt-c-ox expression in the course of biofilm initiation to support heterotrophic metabolism in the dark as well as avoiding overreduction of the ETC after the dark-to-light transition.
Cph2 inhibits phototaxis to blue light. Interestingly, the blue light-induced photomovement of cph2 KO is inhibited by DCMU (Wilde et al., 2002; Fiedler et al., 2005) . Consequently, Fiedler et al. (2005) speculated that the photosynthetic ETC is involved in blue light-induced ). At the indicated time points, the OD 750 was determined. Data show the mean 6 SEM (n = 3). B, The phycocyanin content of cells after 4 h of heat shock (as described in A) was determined. Data show the mean 6 SEM (n = 3). Asterisk indicates significant differences (Student's t test: P , 0.05); triple asterisk indicates significant differences (Student's t test: P , 0.001. C, Schematic illustration of the intersecting photosynthetic and respiratory electron transport photomovement. Our data suggest that the impaired heterotrophic metabolism in cph2 KO could prevent movement to blue light when PSII is blocked because of a lower energy status of the cells. Regulation of cell motility is a crucial factor in biofilm formation (Römling and Amikam, 2006; Cotter and Stibitz, 2007) ; therefore, the observed motility phenotype of cph2 KO might be related to biofilm formation. In this process, Cph2-mediated transcriptional regulation of cyt-c-ox might play a critical role. The cyt-c-ox is differentially expressed in biofilm cells, which a comparison of DNA microarray data on several bacterial species reveals (Lazazzera, 2005) . Moreover, cyt-c-ox plays an essential role in biofilm maturation of Pseudomonas aeruginosa (Southey-Pilling et al., 2005) and is transcriptionally induced in mature biofilms of Escherichia coli (Beloin et al., 2004) . Cph2 holds red/far-red and blue/UV-A photosensor domains (see introduction). Hence, this phytochrome is perfectly equipped to sense gradients of changing light qualities (e.g. within biofilms on marine/ lake snow particles and/or in the course of the vertical movement of these particles) and translate this information into zones of different metabolic activities. Di Pippo et al. (2012) showed that temperature and light had a strong effect on the species composition of biofilms consisting of Synechocystis sp. and the green alga Chlorococcus sp. Because Cph2 has a clear phenotype in the heat and high-light stress response (this study), Cph2 could play a role in the competition of different organisms in biofilms, particularly in the course of changing environmental conditions.
Other than an essential function in heterotrophic conditions, Cph2 has a role in the abiotic stress response, particularly in photomixotrophic conditions. Heat challenge resulted in impaired growth of cph2 KO (Fig. 6A ) and as seen under LAHG/biofilm conditions, a higher phycocyanin content in cph2 KO compared with the wild type/Cph2 OE (Fig. 6B) . Previously, a proteome study on Synechocystis sp. revealed that the phycobilisome complexes are changing in response to heat stress, especially that a rod-core linker polypeptide is decreased under heat stress (Slabas et al., 2006) . When heat-challenge was applied in the presence of Glc (photomixotrophic conditions), the cell growth was clearly enhanced compared with photoautotrophic cultures in the wild type/Cph2 OE and initially also, the cph2 KO (Fig. 6A ). It indicates a substantial contribution of the heterotrophic/respiratory metabolism under these conditions. In presence of Glc, we observed a significant reduction of the phycocyanin content in the course of heat challenge (not so pronounced in cph2 KO; Fig. 6B ). This finding implies that the heat challenge resulted in a reduction of the capacity to capture photosynthetic active photons and a shift to heterotrophic/respiratory metabolism in the presence of Glc. Misregulation of the phycobilisome content in the course of the heat response might result in redox imbalances within the combined respiratory and photosynthetic ETC. This might apply to cph2 KO, which is characterized by a higher phycocyanin content compared with the wild type. Heat-induced redox imbalances within the ETC, particularly when combined with photons in excess of use capacity, may result in the generation of reactive oxygen species (Glatz et al., 1999; Asadulghani et al., 2003) and consequent membrane damage. Moreover, the redox state of components of the ETC, preferably the PQ pool, acts as a regulator of gene expression in Synechocystis sp. (Alfonso et al., 1999; Li and Sherman, 2000; Ma et al., 2008; Singh et al., 2009 ). In the absence of Glc (photoautotrophic conditions), cells do not reduce the phycocyanin content in the course of heat challenge (Fig. 6B) , probably because they depend inevitably on photosynthesis for energy metabolism. In the absence of Glc, the net electron input into the ETC originates mainly from PSII (other than a possible contribution from respiratory metabolism supplied from glycogen stores that might not be sufficient to support energy metabolism for a prolonged time under stress conditions). This finding makes an overreduction of the ETC less likely in photoautotrophic compared with photomixotrophic conditions, particularly because of the thermal instability of the PSII complex. In photomixotrophic conditions, the presence of Glc allows for substantial and prolonged electron input into the combined photosynthetic and respiratory ETC from heterotrophic sources when PSII gets challenged under heat stress. Hence, modulation of light-absorbing phycobilisomes could be crucial to maintain a certain redox status of the ETC under photomixotrophic conditions and simultaneous heat stress. As exemplified for the heat response, similar considerations apply for the observed high-light phenotype of cph2 KO, which particularly manifests in photomixotrophic conditions as well.
Synechocystis sp. responds to an increase in growth temperature with a rise in chlorophyll fluorescence, which is considered as an intrinsic probe of the thermal stability of the PSII complex and the thermal inactivation of photosynthetic oxygen evolution (Balogi et al., 2005) . Because the increase in chlorophyll fluorescence precedes a substantial loss in photosynthetic oxygen evolution (Balogi et al., 2005) , chlorophyll fluorescence could serve as an intrinsic stress signal to mount corresponding responses. Interestingly, the room temperature chlorophyll-a fluorescence emission has a broad maximum around 685 nm in Synechocystis sp. (Joshua et al., 2005) , which is similar to the far-red absorption maximum of the N-terminal GAF domains of Cph2 at 695 nm (Anders et al., 2011) . Therefore, we pose the speculative question of whether Cph2 could sense chlorophyll fluorescence under stress conditions. Increased chlorophyll fluorescence could lead to an adjustment of the phycobilisome content (hence, the capacity to capture photosynthetic active photons). Certainly, substantial in-depth analysis is required to analyze Cph2 function in the heat stress response and address the hypothesis of Cph2 sensing chlorophyll fluorescence.
CONCLUSION
In cyanobacteria, the photosynthetic and respiratory ETCs are combined in the thylakoid membrane, a feature that requires elaborate regulatory mechanisms. Thereby, metabolic adaptations, as seen in light-to-dark and dark-to-light transitions, are particularly challenging. The results in this study describe a function of Cph2 in the regulation of key metabolic enzymes to support the heterotrophic metabolism in the course of biofilm formation. Moreover, cph2 KO results in an impaired modulation of the phycocyanin content, the major component of the cyanobacterial light-harvesting complex, under heterotrophic/biofilm conditions and heat stress. A role of Cph2 in the heat and high-light stress response manifests particularly under photomixotrophic conditions when photosynthetic and respiratory metabolism operate in parallel. The physiological function of Cph2 might be seen in the regulation of the primary metabolism in the course of biofilm formation/stress responses, with blue and red/far-red light acting as extrinsic and possibly, intrinsic (chlorophyll fluorescence) signals.
MATERIALS AND METHODS

Cyanobacterial Strains and Cloning Strategies
The cph2 KO line was generated by inserting a spectinomycine resistance cassette into the coding region of Cph2 (sll0821), thereby disrupting the functionality of the corresponding gene (Moon et al., 2011) . For functional complementation, the cph2 KO strain was transformed with the full-length coding sequence of Cph2 under the control of the constitutive petJ promoter. The Cph2 coding sequence was obtained by PCR on genomic DNA using the primers 59-ACATATGAACCCTAATCGATCC and 59-TAGATCTTGTGGCGACAACTACAC, thereby introducing an NdeI and BglII restriction site, respectively. The PCR product was cloned in pGEM-T (Promega GmbH), sequenced to confirm correct amplification, and subcloned in pSK9 using NdeI and BglII restriction sites.
Stable Transformation of Synechocystis sp.
Stable transformation of Synechocystis sp. was performed essentially as described by Grigorieva and Shestakov (1982) . Ten milliliters midexponential cells were centrifuged (5 min at 28°C at 3,000 rpm); the pellet was resuspended in 5 mL BG11 medium and distributed to five sterile reaction tubes. DNA (3-5 mg plasmid DNA) was added, and the cells were incubated in darkness at 28°C overnight; 200 mL cell cultures were plated on BG11 agar plates lacking antibiotics. After 2 d of incubation under constant light at a light intensity of 20 mmol m 22 s
21
, the agar plates were supplied with antibiotics at a final concentration of 15 mg mL
. Plates were incubated under continuous illumination at a light intensity of 20 mmol m 22 s
. Colonies appeared after 2-3 weeks. To achieve complete segregation, single colonies were picked and repeatedly streaked in weekly intervals on BG11 plates containing the appropriate antibiotics. To check for positive genomic integration of the overexpression construct, PCR on genomic DNA was performed. Positive transformants were maintained on BG11 agar plates containing 8 mg mL 21 chloramphenicole and 10 mg mL 21 spectinomycine.
Growth Conditions
Synechocystis sp. cells were propagated on solid BG11 medium (Stanier et al., 1971) 
Biofilm Formation
One milliliter late exponential cells were adjusted to an OD 750 of 0.5 and applied in 24-well microtiter plates in the presence of 10 mM Glc. After 4 d under LAHG, the biofilm attached to the bottom of the well was carefully washed one time. Then, the attached cells were washed off the plate, and the cell density was determined (OD 750 ).
Crude Protein Isolation and Enzyme Activity Assays
For crude protein isolation, the method by Knowles and Plaxton (2003) was followed with some modifications. Cell cultures were harvested by centrifugation (10 min at 4°C at 3,500 rpm), and the pellet was frozen in liquid nitrogen and stored at 280°C until further processing. Cell pellets were supplied with 0.8 mL breakage buffer (50 mM HEPES KOH [pH 7.5], 15% [v/v] glycerol, 1 mM EDTA [pH 8.0], 3 mM MgCl 2 , 1 mM dithiothreitol, and 1 mM phenylmethylsulfonylfluoride) and allowed to thaw on ice. After the addition of 0.3 g glass beads (∅ 0.25-0.50 mm; Roth), the samples went through three cycles of freezing in liquid nitrogen, thawing in an ultrasonic bath, and brief mixing. Then, debris was removed by centrifugation (10 min at 4°C at 12,000g), and the supernatant was kept on ice. Crude protein concentrations were determined using the Bradford method (BioRad Laboratories) with bovine serum albumin as the standard.
For G6PDH enzyme activity measurements, 100 mg crude protein was supplied with the reaction mix (50 mM HEPES KOH [pH 8.0], 10 mM MgCl 2 *6 H 2 O, 0.4 mM NADP, and 5 mM glucose-6-phosphate) in a final volume of 1 mL, and the A 340 was followed. The specific activity was calculated as units per milligram crude protein, with a molar extinction coefficient for NADPH of « = 6.22 mM 21 cm 21 .
cyt-c-ox Activity was determined in a whole-cell spectroscopic assay using N,N,N',N'-Tetramethyl-1,4-Phenylendiamin (TMPD) essentially as described by Jurtshuk and Liu (1983) . Cells were washed three times with BG11 medium and adjusted to an OD 750 of 0.2; 200 mL cells were provided in 96-well multititer plates, TMPD was added at a final concentration of 0.5 mM, and the absorption at 610 nm was followed. The specific activity was measured as units per OD 750 , with a molar extinction coefficient for oxydized TMPD of « = 12.0 mM 21 cm
21
.
Measurement of P700 Reduction Kinetics
Reduction kinetics of oxidized P700 (P700 + ) were recorded in vivo with a dual PAM-100 measuring system (Heinz Walz GmbH) equipped with a standard emitter-detector unit DUAL-E and detector unit Dual-DB. Twomilliliter cell cultures at 3 mg chlorophyll mL 21 were placed in an emitterdetector cuvette assembly unit. Cells were dark adapted for 1 min under constant stirring in the presence or absence of 10 mM DCMU. Then, blue actinic illumination at 460 nm was provided by a light-emitting diode lamp with a maximum of 700 mmol m 22 s 21 for 60 s. Then, P700 + reduction in the dark was determined. Resulting curves were analyzed as described previously Tsunoyama et al., 2009) . Rate constants (k) were determined by fitting the decays with single exponential functions.
Measurement of PQ Reduction
PQ reduction was measured using a pulse amplitude modulation fluorometer (DUAL-PAM; Walz) essentially as described by Lee et al. (2007) . Cells at 1.5 mg chlorophyll mL 21 were dark adapted for 1 min, inhibitors were added (1 mM KCN, 50 mM DBMIB, and 5 mM sodium ascorbate), and the increase in the fluorescence amplitude induced by weak measuring light was followed starting 10 s thereafter. The measuring light was applied in pulses of 5 s with 5-s intervals for the first 1 min and then pulses of 10 s with 10-s intervals for another 8 min. Relative variable fluorescence intensities were plotted over time.
Measurement of PSII Chlorophyll Fluorescence
Chlorophyll fluorescence of PSII was measured using a pulse amplitude modulation fluorometer (DUAL-PAM, Walz). Cells at 1.5 mg chlorophyll mL 21 were dark adapted for 1 min under constant stirring, and then, a saturating pulse was applied; 30 s thereafter, cells were illuminated with actinic light (270 mmol m 22 s 21 ) for 4.5 min. Then, the dark recovery of fluorescence was measured for 2.5 min. The relative variable fluorescence intensities were plotted over time.
Determination of Phycocyanin Levels
Phycocyanin levels were determined essentially as described by Sato et al. (2008) by an approximation from whole-cell absorbance (A) using the following equation (modified from Arnon et al., 1974) Complementary DNA Synthesis and Semiquantitative RT-PCR Total RNA from 10 to 15 mL corresponding cell cultures was isolated essentially as described by McGinn et al. (2003) . To analyze gene expression, semiquantitative two-step RT-PCRs were performed. Complementary DNA (cDNA) was generated from 1 mg total RNA using the QuantiTect Reverse Transcription Kit (QIAGEN) according to the manufacturer's instructions; 500 ng first-strand cDNA was subsequently used as a template for PCR amplification with gene-specific primers. The RNA subunit of ribonuclease P subunit B served as control for constitutive gene expression. Genes analyzed were G6PDH (Zwf; slr1843), cyt-c-ox (CtaDI; slr1137), Glk (sll0593), PfkA (sll1196), NdhB (sll0223), PSI (PsaA; slr1834), PSII (PsbA3; sll1867), and Cph2 (sll0821). Optimal PCR cycle numbers varied between 32 and 34 cycles (32 cycles for RnpB, Zwf, and CtaDI, 33 cycles for Cph2, and 34 cycles for PsaA, PsbA3, Glk, PfkA, and NdhB). Primer sequences in 59 to 39orientation are TGTCA-CAGGGAATCTGAGGA and AAGGGCGGTATTTTTCTGTG for RnpB, GCAAAATCTGATGGTGTTCC and AATAACCGGCTCGTTCTTCT for Zwf, CTGGGGGCGATTAATTTTGT and GATGCTAACACTGGGGTGGA for CtaDI, GAAACCAAAACCGTCGATCT and ATAGGCCCCGAGAAAAAGTT for Glk, ATTCCTGAAATTCCCTACCG and TTGGATTTGCTTGACCTGAT for PfkA, GGGTGGTGAAAATGATGGTG and CAGCGAGGTAGCAACCAAAG for NdhB, GCACCTGCCAAGTATCTGGT and GTACCCCAAACATCGGATTG for PsaA, CTGAGCTTGAGGCCAAATCCTT and CTGTTCCCACAATGAAGCGCT for PsbA3, and TGCGGCTGTATCGAGAAGGT and CATTCATGGGCAAT-GAGCAA for Cph2.
Photosynthetic Oxygen Evolution
Oxygen evolution by photosynthesis was measured at 25°C with a liquid phase O 2 electrode unit (DW3), a white light source (LS2), and an electrode control unit (Oxygraph system; Hansatech); 50 mL liquid cultures were grown to an OD 750 of 0.4-0.5 in the presence or absence of 10 mM Glc, 12 mL cells were taken for measurement. Oxygen consumption in the dark was measured over a period of 8 min, and then, increasing intensities of actinic light from 15 to 30 to a final 300 mmol m 22 s 21 were applied for another 4 min each. Oxygen evolution was normalized as micromoles oxygen evolution per milligram chlorophyll and minute.
Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1 . Growth of wild-type and cph2 KO strains on agar plates under different trophic conditions.
Supplemental Figure S2 . Analysis of Cph2 transcripts in wild-type and Cph2 OE lines.
Supplemental Figure S3 . G6PDH activity of the wild type, cph2 KO, and Cph2 OE under phototrophic and photomixotrophic conditions.
Supplemental Figure S4 . Growth and phycocyanin content of wild-type and cph2 KO strains in photomixotrophic cultures after light-to-dark and dark-to-light transitions under shaking.
Supplemental Figure S5 . cyt-c-ox Activity of the wild type, cph2 KO, and Cph2 OE under phototrophic and photomixotrophic conditions.
Supplemental Figure S6 . Analysis of gene expression of key metabolic enzymes in the wild type, cph2 KO, and Cph2 OE under photomixotrophic and LAHG/biofilm conditions.
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